Introduction. The question of whether or not, and if so under what
circumstances, group selection occurs has been at the center of considerable controversy for more than two decades, both among biologists (Vrba and Eldredge 1984; Gould 1982a, b; Lewontin 1970; Smith 1976; Williams 1966) , and among philosophers of biology (Brandon and Burian 1984; Hull 1978; Sober 1981 Sober , 1984 Wimsatt 1980 Wimsatt , 1981 .
All discussants in the units of selection controversy seem to agree that group selection is to be invoked to explain heritable' differences in group Thus, we can identify the task for proposed models of group selection as that of specifying when fitness differences among groups are irreducible, in some sense, to selection processes acting at the level of individuals contained within groups. The main source of the ongoing controversy is the lack of an adequate criterion of irreducibility. Without an acceptable criterion, empirical assessments of the importance of group selection in effecting evolutionary change cannot even begin.
Part of the controversy appears to stem from two very different uses of the concept of irreducibility (to individual selection). As Gould notes:
Unfortunately, the terminology of this area is plagued with a central confusion (some I regret to say abetted by my own previous writings). Terms like 'interdemic selection' or 'species selection' may have been used in the purely descriptive sense, when the sorting out among higher-level individuals may arise solely from natural selection operating upon organisms. Such cases are explained by Darwinian selection, although they are irreducible to organisms alone. The same terms have been restricted to cases of higher-level individuals acting as units of selection. Such situations are non-Darwinian and irreducible on this strong criterion. (1982a, p. 384)
We agree with Gould that
Since issues involving the locus of selection are so crucial in evolutionary theory, I suggest that these terms [reducible and irreducible] only be used in the strong and restricted sense. (1982a, p. 384) Strong irreducibility, as Gould stresses, requires that groups, and not group members (that is, "individuals" as we use that term), be the units of selection. The challenge posed by Gould and other participants in the group selection controversy is to determine when a group is or is not acting as a unit of selection. Our aim in this paper is to meet this challenge by explicating the strong sense of irreducibility to individual selection unambiguously.
Models of Group-Selection.
2.1. Group-Individual Fitness versus Group-Group Fitness. To avoid a further ambiguity that often infects the group-selection controversy, we propose to distinguish at the outset two concepts to which the term "group fitness" may refer: I) Group fitness may refer to the average fitness2 of organisms contained within a group (averaging over all individuals in the group), or II) Group fitness may refer to the number of entirely new groups that a given group produces on average.
To distinguish these two, we refer to them as group-individual fitness and group-group fitness, respectively. (Our use of the terms "group" and "individual" is not to be interpreted as precluding groups behaving as "individuals" in the sense of Hull (1978) .3) While group-individual fitness refers to a group's ability to produce more individuals of the kind it contains, group-group fitness refers to a group's ability to produce dis-4 tinct new groups. Consider for example two groups of beetles; individuals belonging to the first are flightless, but individuals belonging to the second fly. Suppose that the average fitness of flightless beetle individuals is k, and the average fitness of flying beetle individuals is m, where m exceeds k. Then the group-individual fitnesses of the group of flightless and the group of 2The fitness of an organism is not to be regarded as its actual reproductive success (for example, number of offspring, or one of many such measures of actual reproductive success). It is to be regarded as the mean number of offspring that would be produced by an organism with a particular genotype over a large number of hypothetical trials. While we do not address the question of the most appropriate measures of fitness here, our arguments and the group selection model we develop are compatible with those generally in use by population biologists.
3For Hull (1978) a group must play the role of an "individual" if it is to be selected. Our model of group selection is consistent with that requirement.
4Group multiplication is to be viewed as the production of one or more discrete new groups. As in the case of organismal fitness, group-group fitness is to be regarded as the mean number of discrete new groups that would be produced by a given group over a large number of hypothetical trials. See note 2. flying beetles are k and m, respectively, and the two groups differ in group-individual fitness. Suppose, however, that the group of flightless beetles produces 100 distinct new groups of flightless beetles on average, and the group of flying beetles produces only 10 distinct groups of flying beetles, on average. Then the group-group fitnesses of the group of flightless and the group of flying beetles are 100 and 10, respectively, and the two groups differ in group-group fitness. While the group of flightless beetles is less fit than the group of flying beetles from the perspective of group-individual fitness, the group of flightless beetles is more fit than the group of flying beetles from the perspective of group-group fitness.
2.2. Type I Models versus Type II Models of Group Selection. By distinguishing the two capacities to which "group fitness" can refer, it is possible to identify two approaches that have been taken in developing models of group selection. We refer to these as type I and type II models of group selection. Type I models of group selection focus upon differences among groups in their respective rates of production of contained individuals-for example, why members of flying beetle groups have a higher reproductive rate than members of flightless beetle groups. Such differential rates are due to type I group selection when they are due to a special (irreducible) group property or process.
2.2.a. Type I Model: Type I group selection occurs when an irreducible group property or process results in group-individual fitness differences among groups.
Accordingly, models of type I group selection seek to specify what is required for an iffeducible group property or process to be responsible for differences in group-individual fitness among groups. Type II models of group selection focus upon differences among groups in their respective rates of production of distinct new groups-for example, why groups of flightless beetles produce distinct new groups at a higher rate than do groups of flying beetles. Such differential rates of group reproduction are due to type II group selection when they are due to a special (irreducible) group property or process. Candidate 1: Differential group-individual fitness is due to an irreducible group property whenever groups possessing the property have higher group-individual fitness than groups lacking it.
Under this candidate, our hypothetical beetle case would pass as an example of group selection because groups with the property "all members fly" have higher group-individual fitness than groups having the property "no members fly". But as Williams (1966, p. 16) argues, differences in mean reproductive rates among groups are often merely the summative result of fitnesses of individuals contained within groups: a group whose members each possess property P (a P group), for example, may have a higher group-individual fitness than a group whose members lack P (a not-P group) simply because individuals with P are more fit than individuals lacking P. A stronger candidate for group selection would require that the group property responsible for the differential in group-individual fitness not be "reducible" to properties that attach to single individuals, but be attributed to the group (or population) as a whole; it must be a property of the group context. So a second candidate might be: The necessary and sufficient condition is simply that a positive causal factor must raise the probability of the effect in at least one causal background context and must not lower it in any (1984, p. 315).
In the case of group selection, the effect is survival and reproduction of group members. Though the model proposed by Sober defines a criterion of irreducible type I group selection, it will often result in characterizing cases in a manner that conflicts with biological intuition. Without further grounds for thinking these intuitions misplaced, we raise the question as to why one should accept the particular, and not uncontroversial, notion of causality upon which his model is based." Moreover, there is reason to question whether any notion of how group properties cause differential groupindividual fitness can do more than describe some special manner in which group properties influence group-individual fitness, rather than characterize an objectively distinct group-level causal selection process.
Our argument is not an indictment of Sober's model, if its intention is to describe a special (that is, unidirectional) way in which individual fitness is influenced by properties of the group. Recognizing the influence of group properties on individual fitness is often important. For example, without recognizing the effect of group context in the t-allele case (example (ii)) one would have predicted a higher proportion of t-alleles than actually found (see Lewontin 1970) . This is often the basis for characterizing the t-allele case as an example of group selection, as Robert Brandon makes explicit:
[H]ere group reproductive success cannot be satisfactorily explained in terms of the aggregate of the group members' adaptedness values. That would be the case if we were dealing with groups all of whose members were sterile. But here only the males are sterile. That fact explains the group extinction only when conjoined with other facts about the group structure, such as, females mate only with males from their own group. (Brandon 1982, p. 320) That knowledge of the mating behavior and group structure was re-"0It might be possible to rule out such cases by adding further stipulations to what may be regarded as a "group". But as far as we can tell, Sober has not specified how groups are to be defined. He has emphasized that his definition "does not require a reification of the group; it does not force one to suppose that groups are something above and beyond the interactions of their member individuals and the environment" (Sober 1981, p. 113).
"It is possible to interpret a positive causal factor in a manner different from Sober (defined in note 7). On Giere's (1980) causal model, for example, it would be sufficient that the group property P raise the fitnesses of individuals on the average, instead of in all cases. (For a defense of Giere's model against an important criticism raised in Sober (1982), see Mayo (1985) .) Our point is not that employing Giere's notion rather than the Pareto interpretation Sober favors would result in an adequate model of group selection. It is, rather, to note that Sober's model is tied to a specific notion of "positive causal factor". quired to explain the t-allele frequency correctly, seems only to mean that the original predictions were based upon an incomplete understanding of the relevant biological interactions, for example, the fact that females mate only with males from their own deme. If the biological context of each organism was correctly understood originally, then the fitness value of each organism could, in principle, have been correctly determined.
In the sense of explicit recognition of the influence of group context upon individual fitness, a model of type I group selection is instructive. And because properties of group context are not properly attributed to individuals, there is a sense in which the properties are irreducible to individual properties. But this again leads at most to what Gould refers to as a descriptive criterion of irreducibility.'2 The fact that group properties influence individual fitnesses in special ways does not, however, seem to provide grounds for distinguishing type I group selection as a group process objectively distinct from the way group properties influence individual fitnesses in cases of ordinary individual selection.
TYPE II MODELS OF GROUP SELECTION

Reducible versus Irreducible
Type II Models of Group Selection. While the causal processes described by Type I models of group selection do not appear to be strongly irreducible to processes acting at the level of individuals, those that come into the purview of type II models of group selection, we shall argue, often do. In contrast to type I models of group selection, the focus of type II group selection models is not differences among groups in their average individual fitness (that is, differential group-individual fitness), but rather differences among groups in average rate of production of distinct new groups (that is, differential group-group fitness). As formulated in subsection 2.2.b.:
Type II group selection occurs when an irreducible group property or process results in group-group fitness differences among groups.
And the aim of a type II model is to provide a criterion for the concept of irreducibilty employed.
Many proposed Type II models seem to allow that irreducible group selection may be invoked whenever a group property is responsible for differential group-group fitness. After all, group multiplication is a pro121f the aim is to arrive at a descriptive sense of group selection, Sober's model would still need to address the examples that to us seem counterintuitive. Since tall groups are more fit than short groups, tall groups found more groups than do short groups. Had the tall groups not exceeded the short groups in their group-individual fitness they would not have had a higher group-group fitness (given the stipulated manner in which these groups multiply). Thus, the differential group-group fitness is a direct result of the differential group-individual fitnesses of groups having or lacking tallness. But this difference in group-individual fitness may itself be due to different things. It may simply be due to individual selection for tallness; or it may be due to a group property like average height, as in Sober's example (i). On these grounds Sober distinguishes the latter case from the former (identifying only the latter as group selection). However, as we have argued above, there seems to be no objective basis for identifying a particular subset of the ways differential group-individual fitness can arise as indicative of a process biologically distinct from ordinary individual selection. A distinction based on the cause of group-individual fitness does not seem to correspond to a distinction between the group and the individual acting as the unit of selection. Thus, whenever differential group-group fitness is the direct effect of differential group-individual fitness (that is, the average individual fitnesses of group members), it will not be irreducible to individual selection in the strong sense of irreducible. This suggests the following definition: Differential group-group fitness is reducible (that is, not strongly irreducible) to individual selection if it is directly caused by differential group-individual fitness.
When is differential group-group fitness directly caused by differential group-individual fitness? We have just argued that the above case exemplifies one way in which this can occur, namely:
Differential group-group fitness is directly caused by differential groupindividual fitness if the reason why one group, say A, has a higher multiplication rate than another group, say B, is that the average fitness of members of group A is higher than that of group B.
We refer to this as the case of simple difference in group-individual fitness.
In contrast, however, consider the following case (real examples of which we shall consider in section 6.1.). Suppose the groups that differ in group-group fitness multiply by sending out migrants that settle in separate locations, but that one group, call it group A, tends to do this much more often than some other group, call it group B. The reason for this difference in group-group fitness, let us imagine, is that such migration events are more advantageous to the survival and reproduction of members of group A, than such events are to members of group B. (Perhaps members of group A, but not of group B, have certain dietary needs that can be satisfied best by plants distributed in a patchy way.) In this case the reason group A has a higher multiplication rate than group B is not that group A has a higher group-individual fitness than group B. Suppose that the two types of groups have identical group-individual fitnesses (or perhaps group B has an even higher group-individual fitness than group A.) Nevertheless, it still seems that the differential group-group fitness in such a case is directly caused by differential group-individua1 fitness, provided this is appropriately qualified. For, as stipulated, the reason group A has a higher rate of group multiplication than group B is that the events involved in group multiplication (colonizing migrants), which we may abbreviate as M-events, confer a greater fitness advantage (on average) upon members of group A than upon members of the group B. As a result, the factors responsible for M-events become more frequent in group A than in group B, causing group A to multiply at a higher rate than group B, on average. Since we shall be referring to this type of case in the remainder of the paper, it will be helpful to have a convenient reference for it. In contrast to the first case, which we denoted as simple difference in group-individual fitness, this case may be referred to as an example of a comparative difference in group-individual fitness benefit.
An adequate characterization of a reducible difference in group-group fitness should capture both types of cases. We propose the following: DEFINITION 5.1. Differential group-group fitness is directly caused"3 by differential group-individual fitness if the cause of (or reason for) the higher mean frequency of group multiplication events (M-events) in P groups than in not-P groups, is that either of the following hold: CASE 1. the average fitness of members of a P group is higher than that of a not-P group. (That is, simple differential group-individual fitness. ) CASE 2. M-events confer a higher average fitness benefit on members of a P group than those events confer on the average fitness of members of a not-P group. (That is, comparative difference in groupindividual fitness benefit.)
The reason we consider both cases as being caused by (and so reducible to) group-individual fitness, is that the differential group-group fitness described would not have occurred unless either case 1 or case 2 obtained. 14 "3The relevance of adding "directly" to the causal statements in our model is to rule out factors that may be indirectly related to the effect, perhaps separated by several generations, as well as factors that are merely correlated with the effects. See note 14.
A Model of Irreducible
14Thus, we are using the notion of cause here as necessary cause. It is meant to distinguish factors and events that are merely necessary conditions for bringing about the differential group-group fitness. Just as oxygen, though a necessary condition of the Chicago fire, say, is not its cause, a minimal level of individual fitness among group members, while a necessary condition for group-group fitness, may not be its cause.
"5Property P might be any factor (group or individual) used to identify the groups of interest that differ in group-group fitness. It need not itself be causally connected to this group-group fitness difference. Only the factors involved in M events need (by definition) be so causally connected, and these may differ from P. reason that M-events are more frequent among species A than among species B) is neither that CASE 1. the average individual fitness of members of species A is higher than that of members of species B (that is, simple difference in species-individual fitness), nor that CASE 2. M-events confer a higher average fitness benefit on members of species A than they confer on members of species B (that is, comparative difference in species-individual fitness benefit).17
Since the question of whether or not to invoke species selection is a question about the causes of differential speciation rates, it seems clear that answering it requires examining the causes of speciation. Indeed, we shall show, distinguishing among the mechanisms or modes of speciation allows us to distinguish differential speciation rates that are reducible from those that are irreducible, and thereby to provide a criterion for species selection.
Modes of Speciation and Species Selection.
6.]. Adaptive Speciation. In speciation, a parent species gives rise to a new set of populations with which it is unable to reproduce successfully. Thus speciation may be characterized as the acquisition of reproductive isolating mechanisms, that is, mechanisms that prevent interbreeding with members outside the species (Mayr 1970, p. 324) . One type of hypothesis to explain the acquisition of isolating mechanisms is that they either are properties that rendered individuals in a species more fit than those lacking the properties, thereby resulting in a higher representation of the properties (Dobzhansky 1970; Bush 1975) , or that they are pleiotropic correlates of such properties (Templeton 1981) . Properties that increase individual fitness may be characterized as individual adaptations, and trends 17Other models of group selection typically treat Case 1 as reducible to individual selection, but consider Case 2 as genuine species selection (for example, Gould 1982 a, b) . The tendency to do so stems from the fact that Case 2 does involve a certain "decoupling" of microevolution and macroevolution. As Vrba (1980, p. 81) points out: the theory of how a character becomes genetically fixed as a within-species adaptation clearly cannot on its own explain why a trans-specific trend should evolve with respect to that character. However, with Vrba, we share the view that this type of decoupling does not require invoking species selection; it is merely the effect of individual adaptations and is reducible under her "Effect Hypothesis" (1980, p. 80), and reducible under our type II model (clause (3), case 2). We differ with Vrba, however, over when invoking genuine species selection is warranted. that result are caused by the process of adaptation of individuals. As Carson (1971, p. 66) points out: Evolution proceeds through two major processes, adaptation and speciation. In their most powerful form, both processes must operate in and be subject to, the laws of population genetics. . . . [M]any evolutionists appear to hold the view that there is no essential difference between them and conclude that the conditions which promote adaptation must equally promote speciation. If they are right, then both adaptation and speciation will be reducible to individual selection and there is no need to invoke irreducible speciesselection to explain trends. For, by the very definition of individual adaptation, in cases where speciation is a direct result of individual adaptations-a type of speciation that may be referred to as adaptive speciation-differential speciation rates are a direct result of differential speciesindividual fitness (as defined in 5.1 where the groups are species). This is straightforward when the reason for differential speciation rates is the difference in individual adaptiveness of the species in question, that is, "simple difference in species-individual fitness". The following illustrates how differential rates of adaptive speciation may be caused by a "comparative difference in species-individual fitness benefit", and thus be reducible to individual selection. 6.2. Differential Rates of Adaptive Speciation: An Example. Consider the proposed mechanism of speciation in a host specific maggot species of the genus Rhagoletis. The ancestral species, which infested hawthorn trees, gave rise to an apple-infesting descendant a little over 100 years ago (see Bush 1968 and Mayr 1970, p. 262 ). Bush has proposed the following scenario: host selection in Rhagoletis has a genetic basis. A mutation occurred in a locality where apples were available, and caused the mutants to be attracted to the new host. Host plant and mate selection are correlated because males set up and defend a territory on a single host fruit while awaiting the arrival of a female. Since the apple provided suitable nutrition for the mutants, those mutants that sought the apple host gave rise to a population of apple-infesting maggots. The key properties distinguishing the apple race from the hawthorn race, including earlier emergence from the pupa, earlier breeding season, and changed ovipositor length, arose as a result of individual selection. Mutants that possessed these properties conducive to life on the new host were more fit than those that lacked the properties and hence came to dominate in the apple-infesting population. After a few generations two populations were established, one adapted to the original hawthorn host, and a new one adapted to the apple host.
For these two races to evolve into distinct species, they had to acquire reproductive isolating mechanisms. However, these too, according to Bush (1968, pp. 247-248) arose as a consequence of individual selection:
The evolutionary future of these host races would depend on the interrelationship between gene flow and selection. If selection can successfully eliminate introgressing genes between the two populations, then eventually the races may diverge genetically to a point where they are completely reproductively isolated from one another.
Thus, the factors that inhibit gene flow between the two races, and lead to reproductive isolation (speciation) are individual adaptations. Apple maggots that mate with hawthorn maggots may give rise to offspring that are less fit than those that mate with members of their own race (whose offspring will be born on a host with optimally nutritious fruit). Thus the process of speciation just described is a process of adaptation.
Assuming that speciation in the apple maggot did occur by the mechanism, M, as proposed by Bush, consider how our model of species selection applies to this case. 18 Suppose that species of the genus Rhagoletis with populations of mutants (P) (where mutation causes a change in host) have higher rates of speciation than species of the genus Rhagoletis with fewer or no such mutant populations (not-P); that is, suppose that P species have higher group-group fitnesses than not-P species. The M-events that lead to reproductive isolation in P species are also events and processes that provide a selective advantage to individual apple mutants. Such events are selected for, to use Sober's (1984) terminology. Were apple mutants to remain on the hawthorn host their offspring would be less fit. Among nonmutants, in contrast, M-events (for example, shifting to a new host) would be selected against, because without the mutation for shift in host preference, it would be disadvantageous to undergo a shift in host preference. Hence the cause of the higher frequency of M-events in P species as compared to not-P species is that M-events confer a greater fitness benefit in P species than in not-P species. Since the acquisition of reproductive isolating mechanisms (that is, speciation) among host specific maggots of this genus requires M-events, it follows (from Case 2 of our definition in 5.1) that the cause of the differential speciation rates between P and not-P species is reducible to individual selection. "8We use the Rhagoletis example to illustrate how our model makes a conceptual distinction between cases such as that discussed by Bush (where speciation is adaptive and sympatric) and cases of founder speciation to be discussed in section 6.4. In neither case is it our intention to pass judgment on the empirical validity of the hypothesized speciation mechanisms. Cases such as the Rhagoletis, however, are considered by Mayr (1963, pp. 262-263) to provide the strongest evidence of sympatric speciation which, in contrast to founder speciation, does not require geographic isolation.
Thus, if differential speciation rates are directly caused by the greater group-individual fitness benefit conferred by events responsible for speciation (M-events) in P species than in not-P species, then the differential speciation rates are directly caused by (and so reducible to) individual selection. More generally, if the shared mode of speciation is adaptive speciation, then condition (3) of our model for species selection will not be satisfied. Such cases fall under "comparative difference in group-individual fitness benefit", and thus are reducible to individual selection under our model. Under theories of founder speciation, a considerable amount of the genetic transformation that occurs is a consequence of the properties of the founder individuals that by chance form the isolate. Since the frequencies of genes in the isolate are at its inception different from their frequencies in the parental population, genotypes that comprise the founder population experience an instantaneous change of genetic environment, a change that may change the selective values of all genes at once (Mayr 1954) .19 Furthermore, continued inbreeding in the small isolate produces gene combinations that are very different from combinations that occur in the outbreeding parental population. These genetic changes may cause instabilities that lead to a breakup of the old co-adapted gene system, a breakup Mayr terms a "genetic revolution". If the genetically changed isolate manages to survive the instability associated with the genetic revolution, and a reduced level of competition and predation enables it to develop a new stable genetic system, it is highly unlikely that the new system would "9All of the theories of founder speciation discussed in Carson and Templeton (1984) involve a change of genetic environment, but each accords it a different degree of importance. Mayr seems to accord it a central role in the speciation process. be compatible with the old one; that is, it would have developed one or more reproductive isolating mechanisms that render the descendant population a new species. While many properties of the new species will result from subsequent individual adaptations, the changes that would be expected to be the crucial ones with regard to the acquisition of reproductive isolating mechanisms are not these; rather, they are the genetic changes that immediately follow the founding event. As Carson (1971, p. 68) stresses: "[t]hese changes, not adaptive ones, represent the really critical point in the process of formation of the new species. Chance, not natural selection, plays a principle role in the initial arrival of the founder" and in the subsequent genetic tranformation. Therefore, "the key genetic shifts leading to the crucial species differences may be non-adaptive" (Carson 1971 If speciation is by the mechanism of founder speciation, then the Mevents required for speciation would be the events involved in the establishment and maintenance of isolates that result in the evolution of reproductive isolating mechanisms (that is, speciation). At first glance, the founding population appears to play a role in speciation analogous to that of the maggot mutant; both diverge from the main population giving rise to a new species. But the reason for the inhibited gene flow between the maggot mutants and the parent population was the fitness advantage it conferred upon the mutants; that is, the changes in the mutant colonies just are individual adaptations. But unlike the maggot case, the M-events that result in founder speciation (of the sort described by Carson) are not individual adaptations. Hence the reason for a difference in speciation rates (M-events) among species will not be that M-events confer a greater fitness benefit to the higher speciator. Therefore, it seems that the cause of differential rates of founder speciation is not reducible to individual selection in the sense of comparative difference in individual fitness ben-efit (Clause (3) Case 2 of our model). But is it reducible to a simple difference in species-individual fitness (Clause (3) Case 1)? To argue that it need not be, it must be shown that the reason one species, say a P species, has a higher rate of founder speciation than another species, say not-P, is not that the former has a higher species-individual fitness than the latter. Such an argument follows from consideration of the conditions that have been substantiated empirically for founder speciation: Correspondingly, the higher rates of founder speciation (that is, higher incidence of M-events) in P species as compared to not-P species are directly due to genetic transformations associated with small population size and low or no gene flow in P species, and high gene flow in not-P species. And it is easy to imagine how this difference in rate of M-events could result even if the P species did not have a higher species-individual fitness than the not-P species.
6.5. Example: Planktotrophic versus Nonplanktotrophic Larvae. Consider a case where there is good evidence for (I) and (II), that is, for founder speciation as the mode of speciation of a group of species. There are two general modes of larval development in snails, planktotrophic and nonplanktotrophic. Planktotrophic larvae feed upon microorganisms in the water column and spend a prolonged period of time developing there before settling to the bottom where they live as adult snails. Nonplanktotrophic larvae do not feed in the water column and, if they spend any time there at all, the time is usually short. In general, snails that develop from nonplanktotrophic larvae have a lower capacity for dispersal than snails that develop from planktotrophic larvae (Jablonski and Lutz 1980). Hansen (1978 Hansen ( , 1982 ) was able to document in several groups of snails evolutionary trends toward increased representation of species whose individuals have nonplanktotrophic larvae as compared to those whose individuals have planktotrophic larvae. He suggests that the reason for the trend may have been higher rates of speciation among nonplanktotrophic species.20 The reason for the differential seems to be that low dispersal capacity engenders a higher probability that founding populations (isolates) comprised of small numbers of individuals will arise, and that they will be maintained by low or no gene flow from the parental population. Thus M-events, the events needed for acquiring reproductive isolation in the isolate (that is, for founder speciation), occur far more often among nonplanktotrophic species (P species) than among the planktotrophic species (not-P species). However, changes in the individual fitnesses of planktotrophic snails do not alter the fact that the antecedent of (I) holds (high gene flow and thus rare origin of M-events). Similarly, changes in the individual fitnesses of nonplanktotrophic snails do not alter the fact that the antecedent of (II) holds (no or low gene flow and comparatively common occurrence of M-events). Thus, we can argue as follows:
Higher speciation frequencies in nonplanktotrophic species versus planktotrophic species are due to comparatively low or no gene flow between isolates and the main population (M-events comparatively frequent) in the former, but high gene flow between isolates and the main population (M-events comparatively rare) in the latter. And this would be the case even if nonplanktotrophic species had a lower species-individual fitness than planktotrophic species. Thus, in this case, the higher speciation frequencies in nonplanktotrophic species versus planktotrophic species are caused neither by a greater group-individual fitness in nonplanktotrophic species than in planktotrophic species (simple differential group-individual fitness) nor by a greater group-individual fitness benefit conferred by M-events in nonplanktotrophic species than in planktotrophic species (comparative difference in group-individual fitness benefit). From Definition 5.1, it follows that higher speciation rates in nonplanktotrophic species than in planktotrophic species are not directly caused by differential fitnesses of snails of the two types of species (that is, they are not not due to differential species-individual fitnesses of nonplanktotrophic versus planktotrophic species). Therefore (since clauses (1) and (2) of our model of species selection in 5.3 hold), our model indicates the trend Hansen observed is caused by irreducible speciation and thus by species selection.
More generally, we may conclude that if the shared mode of speciation among species is founder speciation, then differential speciation rates among 20Hansen (1982) also suggests other possible explanations. One of these is that, perhaps, species with planktotrophic larvae tend to convert to species with nonplanktotrophic larvae in association with events of speciation. We are assuming, for purposes of this example, that such conversion from one larval type to another does not occur. Again, as indicated in note 18, our interest is in making the correct conceptual distinction and not in passing judgment on the empirical adequacy of proposed speciation mechanisms in given cases. the species in question may not be directly caused by individual selection in either the sense of Case 1 or Case 2 of our model, but alternatively according to our model, are caused by species selection. 7. Conclusions. The literature on group selection is large and complex, but it can be reduced, we have argued, to the study of two principle concepts. One concept involves explaining differences among groups (however defined) in their respective rates of production of contained individuals. We refer to models that purport to explain this phenomenon as type I models of group selection. Though such models are of interest because they point to the need to recognize how group properties may influence the fitnesses of individuals within groups, we conclude that type I group selection models do not identify a causal group-level selection process distinct from individual selection, though most such models have this as their principal aim.
The second concept of group selection involves explaining differences among groups in their respective rates of production of distinct new groups (group-group fitness). We refer to models that purport to explain this phenomenon as type II models of group selection. We conclude that for proper explanation of the causes of differential rates of group-group fitness, a distinct group-level selection process must be invoked under certain circumstances. However, not all cases require recognition of a distinct group-level selection process, because differences among groups in their respective group-group fitnesses may be reducible to the process of individual selection. For strongly irreducible type II group selection, differences in group multiplication rates must not themselves be directly caused by differential fitnesses of individuals, in the senses we have defined. Thus, recognition of real instances of group selection is contingent upon careful analysis of the causes of group multiplication. We argued that if the mode of speciation is adaptive speciation, then the cause of the difference in speciation rates will be reducible to individual selection; while if the mode is founder speciation, the cause of the difference in speciation rates may require invoking species selection. Since, if we are correct, the importance of group selection in evolution depends in large part upon whether processes of group multiplication are directly caused by individual selection, further research into the causes of group multiplication, particularly speciation, is needed.
